Abstract Neurogenetics, the science that studies the genetic basis of the development and function of the nervous system, is a discipline of recent development in Peru, an emerging Latin American country. Herein, we review the clinical, scientific and ethical aspects regarding the development of this discipline, starting with the first molecular diagnosis of neurogenetic diseases, to family and population-based genetic association studies. Neurogenetics in Peru aims to better explain the epidemiology of monogenic and complex neurodegenerative disorders that will help in implementing public health policies for these disorders. The characterization of Peru and its health system, legal issues regarding rare diseases and the historical milestones in neurogenetics are also discussed.
Neurogenetics in Latin America
Neurogenetics studies the genetic basis of the nervous system, exploring its function and development for a better understanding of neurological disorders (Trelles and De los Angeles 1989; Vaillant 2000) . Roughly, 80 % of the transcriptome is expressed in the human brain (Hawrylycz et al. 2012) , where resident cell types show specific neuroanatomical distributions and molecular signatures that can be associated with neurodegenerative and neuropsychiatric disorders (Lotan et al. 2014; Miller et al. 2010) . The development of novel genomic technologies, large-scale genome databases and global collaborations have revolutionized our understanding of the molecular basis and diagnostic and therapeutical approaches in many neurological disorders, especially within highly polygenic disorders (McCarroll et al. 2014 ).
Many countries worldwide have at least one neurogenetics division that offers clinical assessment and molecular diagnostics and produces research in the field. The rising number of affected individuals with neurogenetic disorders promoted the development of the field in many Latin American countries over the last few decades. The largest Latin American countries, Brazil (www.ufrgs.br/geneticahcpa/neurogenetica), Mexico (www.innn.salud.gob.mx) and Argentina (neurogenetica. weebly.com), have implemented both clinical and research centres, mostly linked to human genetics and neurology departments at the main universities, national institutes and health care centres. Other countries, despite technological and economic limitations, have developed neurogenetics centres due to the emergence of several thriving niches (Table 1) .
Mapping of the HTT gene, causative of Huntington disease (HD), and further characterization of its mutation was accomplished through studies involving Venezuelan kindreds in a US-Venezuela collaborative research project (Group THsDCR 1993) . The prevalence of spinocerebellar ataxia (SCA) type 2 or SCA2 in Holguín, Cuba, is considered the highest worldwide (Velazquez-Perez et al. 2011) and has led to the development of a multidisciplinary healthcare and research centre in this town. Clinical guidelines for the integral management of SCA2 families, including genetic counselling and presymptomatic testing, have also been developed in this region (Velazquez Perez et al. 2009 ). SCA10 has been so far described in Mexico and South America (Alonso et al. 2007; Teive et al. 2011) and is felt to be of American Indian ancestry (Almeida et al. 2006) . The well-known high prevalence of autosomal dominant Alzheimer disease due to PSEN1 mutations in Colombia has allowed a prolific scientific research on this disorder (Acosta-Baena et al. 2011) . In this context, Peru has been working in the field for almost 20 years, through the Neurogenetics Research Centre at Instituto Nacional de Ciencias Neurológicas (INCN), the only centre in the country focusing its clinical and research activities on monogenic and complex neurological disorders.
Peru, an emerging Latin American country
Peru is located in the central-western coast of South America. The main spoken language is Spanish, and its population is characterized by a mixed ethnic background with predominance of Amerindian and European ancestries with a smaller contribution of Asian and African ones (Sandoval et al. 2013) . Of the 31.1 million inhabitants estimated by 2015, 23.3 % live in rural areas (www.inei.gob.pe/). There are heterogeneous levels of health indicators along the country with a significant percentage of the population suffering from the social, political and economic inequities that still characterize the country, mainly in rural areas. These factors contribute to a continuous migration to urban areas, mainly to the capital city Lima, where at least one third of the population resides (INDEPA 2010; Valdez et al. 2013) .
In the last decade, Peru has experienced a consistently growing economy, reduced poverty and broad support for democracy, which constitute critical social determinants of health. The current life expectancy is about 75 years, varying with socioeconomic and geographic settings (www.inei.gob. pe/). Peru has been classified by the World Bank as an uppermiddle income economy; nevertheless, its gross domestic product is below its Latin American peers (www.worldbank. org/). The health expenditure in Peru is only 5.3 % of the gross domestic product, among the lowest in South America (Yamada and Castro 2010) , and around one third of the population still lack health insurance (Posso et al. 2015) .
There are few laws protecting patients affected with genetic diseases in Peru, which are mostly unregulated. In 2011, a law titled BNational Interest and Preferred Care Treatment for patients with Rare and Orphan Diseases^was promulgated, ranking 399 orphan diseases into four groups, according to their impact, difficulties for screening or diagnosis, financial and social burden, treatment, quality of life and family risk (Hernandez-Vasquez et al. 2014) . Funding for the entire Bvery high priority^group was arranged, leaving the remaining groups dependent on budget availability. Only one of the eight most frequently followed diseases at the Neurogenetics Research Centre was placed in the Bhigh priority group^, five were placed in the Bvery low priority^group, and regrettably two diseases, inherited neuropathies and familial early-onset Parkinson disease, are not even listed. This apparent disparity may be explained by the absence of national research studies that would otherwise adjust the indicators used for this prioritization of funding.
Neurogenetics in Peru is closely tied to research in HD, since the first report of this disorder, back in 1950, documenting a HD family with nine affected members from the southern regions of Peru (Saavedra 1950) . Since 1983, there have been reports of a high incidence of HD in a valley south of Lima, suggesting that the region could be the primary HD cluster in Peru (Cuba 1986 ). International and local researchers have visited this valley and collected samples from families over the past 30 years (Torres et al. 2008) , raising great expectations for potential treatments, which have been unfulfilled once they exceeded the scope of their studies. On the other hand, the large number of HD cases reported in this valley drew journalists' attention, the reports of whom generated stigma towards the affected individuals and the region (Loayza 2005) . As a result, many affected families have limited socialization with local and surrounding regions. This highlights the importance of carefully considering cautious and ethical approaches (including an appropriate informed consent process for research), when disclosing any information about rare and severe disorders in any given population or community. The table compares some of the neurogenetic centres in Latin America according to services available. Most of them were generally founded over the last three decades. This information was recovered by a website research internet using the words Bneurogenetica^and the name of each Latin American country C clinical assessment, G molecular genetics diagnosis, T teaching, R research, na not available It was not until 1995 that the Neurogenetics Research Centre at INCN in Lima, Peru, was established as the first unit devoted to providing healthcare for neurogenetic disorders in the country. This centre is still the only one dedicated to research and clinical care of patients affected with neurogenetic disorders, mainly HD, myotonic dystrophy, hereditary ataxias, inherited neuropathies and many other neuromuscular disorders. Individuals with common neurodegenerative diseases like Parkinson and Alzheimer's disease, including other dementias, are also followed at the centre for research purposes. Currently, the only two specialists working in the field have attended roughly 400 consultations, each, per year; appointments are made at least 2 months in advance. There have been a growing number of appointments over the last 5 years, most notably in consultations for HD (Table 2 ). Neurogenetic consultations are only available in the capital city; yet, around 30 % of patients assessed at the centre live in nearby cities and provinces (Fig. 1) . It is highly likely that a considerable number of patients affected in an advanced stage of their disease and those living far from the capital city (especially if they cannot afford transportation and consultation fees) are still waiting and in need of a specialized consultation.
The biggest challenge in genetic counselling is transmitting accurate and comprehensive information to enable families in choosing a course of action, allowing them to cope with the psychological, clinical and socioeconomic consequences of genetic disease (Kang 2013) . Since formal training programmes in genetic counselling are still unavailable in Peru, counselling is offered by neurologists with growing expertise in human genetics at the Neurogenetics Research Centre. The implementation of presymptomatic diagnosis for neurogenetic disorders is still unavailable since it requires a multidisciplinary team including psychologists, psychiatrists and medical geneticists, high levels of confidentiality and an office or area solely dedicated to presymptomatic consultations, all of which are currently non-existent at the centre (Rodrigues et al. 2012) . In other neighbouring countries such as Argentina, the presymptomatic diagnosis of HD and other late-onset neurological disorders are handled by neurologists and clinical geneticists with supporting DNA testing (Penchaszadeh 2013) . The role of genetic counselling includes more than just communicating complex medical information to families, it also involves considering the consequences associated with unintentionally revealing the risk of disease in relatives or offspring with a genetic disorder (Counseling AHCoG 1975) .
The Neurogenetics Research Centre in Peru began working on molecular genotyping for monogenic disorders since 2000, using a thermal cycler donated by the Japanese embassy, which allowed by first time the molecular diagnosis of HD in Peru. Since then, we have followed up on more than 300 HD families, over 14 years, collecting DNA samples and clinical data, allowing the study of many aspects of HD in Peru. Over the past 5 years, the molecular diagnosis of Kennedy disease, Fragile X syndrome and DYT1 dystonia, among others, have also become available. In other Latin American countries, laboratory testing for neurogenetic disorders such as fragile X and spinal muscular atrophy has been carried out as early as 1999 in Argentina (Penchaszadeh 2013 ) and 2003 in Brazil (Horovitz et al. 2013) . Certified molecular diagnosis for neurogenetic disorders requires methods that guarantee an optimized sensitivity and specificity for each test. The equipment and reagents needed, however, are expensive, causing its low availability due to the low prioritization of these disorders by the government. Hence, some laboratories in Peru have implemented alternative, less costly, in-house methods that do not require the use of sophisticated equipment; however, they are probably less accurate.
The clinical and molecular data collected for almost two decades at the Neurogenetics Research Centre have provided much insight into many aspects of some neurogenetic disorders, including the existence of a high incidence of HD at southern Lima, including many late-and early-onset HD phenotypes (Cornejo-Olivas et al. 2015) . Other initial studies using this data described the normal allele distribution of unstable microsatellites in the HTT gene and other unstable microsatellites (Tirado-Hurtado et al. 2014) . Also, observational studies allowed the description of the relative frequency of dominant ataxias, with an unexpectedly high frequency of SCA10 and a low frequency of Machado-Joseph disease (MJD/SCA3) in the Peruvian population (Cornejo-Olivas et al. 2013a) .
The large number of DNA samples and linked clinical data from Parkinson's Disease (PD) cases has allowed the Neurogenetics Research Centre to become the Peruvian site for the Latin American Research consortium on the Genetics of Parkinson's Disease (LARGE-PD), the first large-scale repository of PD samples in Latin America. Since 2007, the enrolment of both cases and controls from Peruvian Amerindian and mestizo populations has allowed for research in the genetics of PD and other complex neurodegenerative disorders (Foundation 2014) . Population stratification is a major concern in population-based genetic association studies of complex diseases, since it can lead to spurious associations between genetic polymorphisms and the studied trait (Cardon and Palmer 2003) . This problem is especially relevant for highly admixed populations, such as Peruvians, but can be controlled and corrected by accounting for the genetic ancestry of cases and controls. Furthermore, population genetics studies can give insights about the origin of mutations with clinical relevance such as the HTT expansion (Tirado-Hurtado et al. 2014 ) and LRRK2-R1441G for PD (Cornejo-Olivas et al. 2013b) . Therefore, the development of population genetics of Amerindian and admixed Peruvian populations has become very much needed in neurogenetics research. Describing the genetic variability of indigenous populations poses its own ethical concerns, as the group's beliefs and traditions must be considered throughout the entire study (Stephens et al. 2007 ). When working with indigenous groups, the relevance of the study from the own community worldview should be recognized, as their understanding of health and disease might differ from the Western perspective. The potential implications of the study's results for the community should be addressed, especially potential harms, such as discrimination and stigmatization that might arise from revealing the community's name (Brief and Illes 2010) .
Perspectives
Neurogenetic disorders require integral lifelong healthcare management. A multidisciplinary team of clinicians, basic scientists, psychologists, social workers and administrative staff should work together to address the specific needs of affected individuals and their families taking account of social and cultural mediators. Establishing formal genetic counselling training programmes and the participation of physicians, nurses and other healthcare professionals will have a high positive impact on healthcare for affected individuals and families. A fully integrated service, encompassing clinical assessment and diagnosis, molecular genetic testing by international standards for accreditation, genetic counselling and follow-up consultations would assist in performing both clinical and translational activities. Finally, improving the current infrastructures with cutting-edge technologies, collaborative research networks and continuous education is required to improve research in neurogenetics in Peru.
